The objective of this study was to assess the utility of electron microscopy methods for the purpose of distinguishing engineered nanoparticles from "incidental" nanoparticles. Methods included the use of transmission electron microscopy (TEM) with energy dispersive spectroscopy (EDS) to analyze samples of known ratios of titanium dioxide (TiO 2 ) to Arizona Road Dust (ARD) or incense particles. TEM collection methods were analyzed for two different samplers: a Marple impactor and an electro-static precipitator (ESP). TEM grids were placed on the four lowest stages of the impactor. Results for impactor stages of a TiO 2 mixture with ARD displayed the following higher proportions of TiO 2 on the upper stages. TiO 2 /incense samples had very high (79%-90%) TiO 2 proportions, which was not expected since the mixture was 50% TiO 2 . Incense particles did not collect with the same efficiency as TiO 2 or ARD, due to their much lower density. Incense particles were entirely carbon based and were not identifiable using TEM/EDS. The TiO 2 /ARD mixture demonstrated that the impactor would remove most of the larger particles so that grids on the filter stage could be used to analyze and image TiO 2 mostly alone. Sampling criteria for desired particle loading had to be established in order to obtain usable TEM grids. TiO 2 was distinguishable from all other particles, but accurate particle identity and proportion in samples was not obtainable for combustion particles using these methods.
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Introduction
Nanotechnology is a new and continuously growing industry that includes the use of particles with at least one dimension in the nanometer range (less than 100 nanometers) which are called nanoparticles. Chemical, physical, optical, biological and electrical properties are quite different between bulk quantities and nanoparticles of the same material. These special features have increased nanoparticle popularity and application in many commercial and medical fields. Global investment in nanotechnology increased five times from 2000 to 2005 (Roco, 2005) . This rapid growth is expected to continue as new products are designed and traditional ones are improved.
By 2007 sales for nanotechnology based products were at $147 billion and expected to hit $3.1 trillion by 2015 (Wolfe et al., 2009 ).
Nanoparticles have been engineered from a variety of different materials. Carbon nanotubes (CNT), metals, and metal oxides are some of the most commonly used. Each particle type can have many different fields of application. Carbon nanotubes are used in the production of sporting goods, computers, electronics, aerospace parts, and automobile parts (Hussain et al., 2006; Lam, et al., 2006) . Metal oxides have been used in selfcleaning coatings, pigments, and stain-resistant textiles (Oberdorster et al., 2005; Bermudez et al., 2004) . As the industry continues to grow, more advanced applications can be expected, including drug delivery systems, catalysts, and light-harvesting materials (Hood, 2004 ).
Detailed investigation of the possible health outcomes linked with occupational exposure has not kept up with the rise in nanoparticle use. In 2008 it was estimated that by 2020 the industry could have as many as 2 million workers (Schulte et al., 2008) .
With a dramatic increase of applications for nanoparticles expected, assessment strategies and methods need to be developed specifically for each particle and exposure in the occupational setting. Current knowledge with regard to specific nanoparticle behavior, characterization, and toxicity has many gaps (Oberdorster et al., 2005) .
Nanoparticle Exposure Assessment
Methods for sampling and assessing exposures to nanoparticles are still fairly new and un-proven. Sample collection for nanoparticle exposures is a difficult procedure because it must be tailored to particle size and chemical identity. Traditional aerosol exposure assessment methods are based on mass concentration. This property is not very relevant to nanoparticles because of their negligible mass relative to their number or surface area (Maynard & Aitken, 2007) . Many methods created by the National Institute of Occupational Safety and Health (NIOSH) to assess particulate exposures use gravimetric analysis for the estimation of mass concentrations. Gravimetrical methods include the collection of particles onto a filter, which is weighed to determine the accumulation of mass. The volume of air pulled through the filter is then used to calculate the mass concentration. This measure is quite ineffective when mass is negligible. In order to collect enough mass on a filter to quantify, a long sampling time or large nanoparticle concentrations are necessary. Both parameters are difficult to use experimentally or in an occupational setting even when they are applicable.
Many difficulties arise in establishing sampling methods for nanoparticles when attempting to adapt traditional aerosol methods. Older methods were not developed with specific regard to the collection of nanometer sized particles. Nanoparticles also behave quite differently between chemical species. Collection methods and analyses need to be adapted for each type of nanoparticle to be effective (Kandlikar et al., 2007) . Chemical composition and morphology can be highly variable even between nanoparticles of the same material and are highly influential on particle behavior.
Particle behavior can also be estimated using its aerodynamic diameter. This is a hypothetical dimension of a unit density droplet of water that would behave aerodynamically the same as the particle regardless of shape, density, or size (Hinds, 1999) . This normalized measure of a particle can help determine which collection methods may be applicable. The amount of time nanoparticles are present in the atmosphere varies with regard to size and their ability to agglomerate. Larger particles can be collected through impaction because of their high inertia, but nanoparticles have less inertia and require additional forces or additional time to be collected. Development of sample collection methods must include the exploration of these properties for nanoparticles.
Nanoparticle Toxicology
Current toxicological knowledge regarding nanoparticle exposure is also limited.
There is much uncertainty regarding which particle characteristics may affect their toxicity as well as the mechanisms of toxicity (Kandlikar et al., 2007) . The link between particle exposure and health outcome is still not clear. Few epidemiological studies have been performed with regard to nanoparticle exposure and are highly specific to the nanoparticle studied (Kandlikar et al., 2007) . The health effects are most likely dependent on multiple particle variables, such as size morphology, composition, and concentration (Oberdorster et al., 2005) .
Rodent studies have demonstrated varying responses to different exposures.
Carbon nanotubes have been found to cause inflammation, granulomas, fibrosis, and biochemical/toxicological changes in the lungs (Lam, et al., 2006) . Ultrafine titanium dioxide nanoparticles have also been found to cause inflammation and fibrosis, with much variation across species (Bermudez et al., 2004; Grassian et al., 2007) .
Nanoparticles need to be considered separately from larger particles because of their enhanced reactivity. This is caused by their great surface area and increased ability to deposit in the alveoli (Oberdorster et al., 2005) . Their greater percentage of atoms on the surface increases surface reactivity (Kandlikar et al., 2007) . Mass concentration is not as strongly linked to health outcomes as number or surface area concentrations (Oberdörster, 2000) .
Number or surface area concentrations are more likely to be relevant to the health mechanisms caused by nanoparticle exposure (Maynard & Aitken, 2007) . Neither of these properties can be assessed with gravimetric methods. However, different optical instruments can be used to obtain real-time sampling concentrations for these properties.
Instruments such as a condensation particle counter (CPC) or a scanning mobility particle sizer (SMPS) can provide total concentration and size-specific concentration based on particle electrical mobility. Both of these instruments can be used to sample nanoparticles effectively but will count all background particles found in the testing environment. This can create a problem for determining accurate concentrations, especially when the background aerosols contain particles in the nano-range.
Air Quality in the Occupational Setting
Often work environments contain other aerosols of non-engineered or "incidental" nanoparticles. These particles may be products of combustion from vehicle exhaust or heating systems. Fumes produced by welding torches, hot processes, or tools that may create nanoparticles can also be found. Environmental dust may contribute to the particle environment as well. These incidental particles can interfere with engineered nanoparticle sampling. The use of particle counters is listed as an approved NIOSH method for real time particle monitoring (DHHS, 2009) . These devices are indiscriminant of particle identity and will count any particles that pass through the device. The addition of incidental particles will produce incorrect engineered nanoparticle concentrations. It is difficult to control what particles are sampled, especially when it is difficult to determine what kinds of incident particles may be present. The interaction between engineered nanoparticles and incidental particles is somewhat unpredictable due to many factors: particle size, density, temperature, and location may influence their behavior. It is also likely that the toxicity of incidental particles will vary from engineered nanoparticles (Maynard & Aitken, 2007) . In order to obtain accurate exposure assessments, particle types must be distinguishable.
Electron Microscopy
The use of transmission-electron-microscopy (TEM) combined with energy dispersive spectroscopy (EDS) may help to separate incidental particles from engineered nanoparticle analysis. TEM use was established by NIOSH Method 7402 for asbestos sampling and analysis to distinguish between types of asbestos as well as incidental particles collected (NIOSH, 1994) . Energy dispersive spectroscopy has already been successfully used to characterize aerosols produced by specific processes. With this technology a high-energy electron beam is focused on a particle. The electron beam is able to excite electrons within the particle and creates a difference in energy as lower energy electrons fill in vacancies of electrons that were excited and ejected. The difference in energy is emitted as an x-ray. The amount of energy released is specific to the element present (MEE Inc., 2009) . The instrument can measure the x-rays emitted by the particle which identifies the elements present (Laskin et al., 2006) . Very small dimensions (less than 15 nm) as well as large areas (several micrometers) of varying shape can be selected for focusing the electron beam.
Several studies have already sought to use TEM/EDS for nanoparticle characterization and sample verification. These studies have had varied purposes from investigating direct occupational exposures and animal exposures to particle classification. TEM and EDS were used by Höflich et al. (2005) to determine the phase composition of aluminum nanoparticles present smelting potrooms. Lithium titanate metal oxide particles from a facility that produces a powder form of this compound were analyzed by TEM and EDS for morphology and composition by Peters et al. (2009 ). Grassian et. al (2007 used TEM to assess the primary particle size as well as the aggregation of titanium dioxide nanoparticles in a rodent exposure study. TEM and EDS techniques combined with other microscopy methods were used by Laskin et al. (2006) to characterize environmental aerosols. Structural properties of diesel exhaust were investigated through TEM by Park et al. (2004) . In all of these studies, the use of microscopy was necessary but secondary to a different goal. Research focusing on the methods and procedures used by these studies has been limited.
Development of electron microscopy sampling and analysis techniques that are tailored to nanoparticles is of high importance for future research (Oberdorster et al., 2005) . Most of the methods used for nanoparticle analysis using electron microscopy are new and not well validated. This has limited its use (Peters et al., 2009) . Details with regard to collection properties, such as sample capture methods and particle loading, as well as how to handle and use the information obtained from TEM grids, are still ambiguous. Many different methods have been studied to improve collection of nanoparticles onto TEM grids (Miller et al., 2010 ). An electro-static precipitator (ESP)
can be used to collect particles on the surface of a TEM grid. The ESP creates a corona discharge between a needle and a flat surface that a grid is attached to. The discharge of electrons will charge the particles passing through the ESP and electro-static forces will force them to deposit on the grid. Diffusive methods that allow particles to naturally deposit on surfaces have also been employed for collection of nanoparticles onto TEM grids and are currently being studied (Gorbunovi et al., 2009 ).
Specific Aims
The overall goal of this study is to help industrial hygienists conduct exposure assessments of engineered nanoparticles. The methods of electron microscopy, which are currently used without standard procedures, will be explored and assessed. New methods are needed specifically for nanoparticles because traditional aerosol assessment methods are mass based and are not feasible for evaluating nanoparticles. Development of such methods will be investigated. Additionally, engineered nanoparticle size distribution and concentration data are influenced when incidental nanoparticles are present in the sampling environment. Nanoparticle exposure assessments must include steps to differentiate between particles. The specific aims of this study are:
 To demonstrate the procedure of sampling nanoparticles using TEM grids.
 To assess the utility of TEM/EDS to distinguish between incident and engineered nanoparticles.
 To demonstrate the use of TEM/EDS to determine the ratio of particle types present.
Introduction
The rapid increase in nanoparticle use has not allowed for thorough preliminary investigation of the possible health outcomes linked with occupational exposure.
Methods for sampling and assessing nanoparticle exposures are still fairly new and unproven. Sample collection for nanoparticle exposures is difficult because it must be tailored to particle size and chemical identity. Traditional aerosol exposure assessment methods have focused on mass and mass concentration. These properties are not relevant to nanoparticles because of their negligible mass relative to their number or surface area (Maynard & Aitken, 2007) .
Work environments often contain other aerosols of non-engineered or "incidental" nanoparticles, and there is a need to distinguish between particle types (Grassian et al., 2007; Park et al., 2004; Höflich et al., 2005) . The use of transmissionelectron-microscopy (TEM) combined with energy dispersive spectroscopy (EDS) may help to distinguish incidental particles from engineered nanoparticles. Many studies have already incorporated TEM/EDS for nanoparticle characterization and sample verification. Höflich et al. (2005) used TEM/EDS to determine the phase composition of aluminum nanoparticles present smelting potrooms. Grassian et al. (2007) assessed the primary particle size as well as the aggregation of titanium dioxide nanoparticles in a rodent exposure study using TEM. Laskin et al. (2006) characterized environmental aerosols using TEM/EDS. In all of these studies, the use of microscopy was necessary but not the main focus. Research focusing on the methods and procedures used by these studies has been limited. Development of electron microscopy sampling and analysis techniques that are tailored to nanoparticles is of high importance for future research (Oberdorster et al., 2005) . Most of the methods used for nanoparticle analysis using electron microscopy are new and not securely established (Peters et al., 2009 ). Many different methods have been used and are currently being studied for collection of nanoparticles onto TEM grids (Miller et al., 2010; Gorbunovi et al., 2009 ).
The purpose of this study was to assess the utility of microscopy to distinguish between incident and engineered nanoparticles. The procedure of sampling nanoparticles using TEM grids was demonstrated in order to consider the necessary procedures for establishing a method. Because engineered nanoparticle size distribution and concentration measurements are influenced when incidental nanoparticles are present in the sampling environment, nanoparticle exposure assessments must include steps to differentiate between particle types. The use of TEM/EDS to distinguish between engineered and incidental nanoparticles as well as distinguish the ratio of particle types present was explored in order to fulfill this goal.
Methods
Two different systems were developed for creating and sampling aerosols. The first experimental set up (Figure 1 ) was used for non-mixed nanoparticles. Preliminary experiments had shown the use of a heating/condensing system was necessary to remove water droplets and vapor from the aerosol before reaching the mixing chamber.
The experimental set up for nanoparticle mixtures is shown in Figure 2 . A large (0.5 m 3 ) chamber was used to develop each aerosol. A blower and vacuum were used to stimulate mixing and avoid negative or positive pressure in the chamber. The chamber is separated into a mixing chamber and sampling chamber to ensure diffusion. Each particle was generated separately and fed into the mixing chamber. Concentration data and grids were sampled from the sampling chamber. Nanoparticles were first sampled individually to determine concentrations obtainable using this system. Input flow rates of incidental particles were adjusted in order to create different ratios of engineered to incidental nanoparticles.
Three different nanoparticle aerosols were generated. Particle concentration in the sampling chamber was measured with a scanning mobility particle sizer (SMPS, Model 3936, TSI Inc., Shoreview, MN) and an aerodynamic particle sizer (APS, Model 3321, TSI Inc., Shoreview, MN). Several grids with varying sampling times were collected and imaged to determine the optimal runtime parameters for obtaining a good particle distribution on the TEM grid. Sampling time was determined for each sampling period using the total particle concentration from the SMPS. To create mixtures of known ratios between engineered and incidental particles, each particle was aerosolized individually in the mixing chamber and total number concentrations were obtained using the SMPS. Flow rates of particles into the mixing chamber were adjusted in order to obtain a steady concentration at the desired ratio. The generation methods and set-up used did not allow for much adjustment of flow rates;
only the flow of the incense could be adjusted.
Samples were collected on carbon coated copper TEM grids. An electrostatic precipitator (ESP, Intox Products, Moriarty, NM) and a Marple Style Personal Cascade Impactor (290 Series, Tisch Environmental, Inc., Cleves, OH) were used to collect particles on grids. The ESP was selected for collection because of its relatively simple operation and to collect all particle sizes on a single grid. An aerosol neutralizer (Model 3077, TSI Inc., Shoreview, MN) was placed in front of the ESP to ensure particles were not pre-charged upon entering the ESP collection area. This was discovered to increase particle collection efficiency in preliminary experiments. The impactor was selected in order to obtain different size ranges on different grids. Sampling time calculations were based on quality or clarity of images taken of impactor grids. These two collection methods/instruments were compared to determine whether size separation is necessary for detailed microscopy work.
The ESP was operated at 4.0 kV and 0.1 Lpm. These settings were determined to produce the highest collection efficiency without damaging the grids. Efficiency was analyzed following methods used by Cheng et al. (1981) and found to range from 85% to 99% depending on particle diameter and composition. Only impactor stages 6, 7, 8, and the filter were used because of the small size range of the particles studied. The flow rate for the impactor (5 Lpm) was used in order to give the smallest cut point diameters. Cut diameters were calculated using the method developed by Marple and Willeke (1976) .
For 5 Lpm, the cut diameters were: 0.9 µm, 0.5 µm, 0.3 µm for stages 6, 7, and 8 respectively. A grid was positioned on each of these three stages as well as the filter.
A TEM (JEM-1230, JEOL, Ltd., Peabody, MA) was used to obtain images, and chemical spectra were collected using EDS (JEM-2100F, JEOL, Ltd., Peabody, MA).
Images were collected to assess particle morphology as well as size distribution. Each engineered nanoparticle test material as well as both incidental dusts were analyzed by EDS separately before mixing to obtain individual and background spectra.
The NIOSH Method 7402 for Asbestos by TEM was followed to determine the relative proportions of each particle present on grids. Particles were counted manually by crossing the grid once at a set magnification (depending on particle size collected), while all visible particles were analyzed using EDS. The "heavy loading" criteria was followed for all grids, which suggests counting at least 100 particles in at least 6 grid openings (NIOSH, 1994) . The average number of particles counted per grid was 115 with a range of 62 to 146. The portion of particles with titanium as the predominate element was recorded as the percentage of TiO 2 nanoparticles found on the grid.
In addition to TEM sampling, mass distribution data was collected for ARD and TiO 2 separately using the impactor. Impactor substrates for samples using grids did not contain enough mass for measurement. This was due to the short sampling time which was necessary to obtain a good distribution of particles on the grid. The experiment was repeated without grids and longer sampling periods were used so sufficient mass could accumulate and be measured. Each impactor substrate was weighed to obtain the proportion of mass per stage. This data was then used to calculate the expected percentage of TiO 2 on each stage. The particle distribution was assumed to be log normal, and the geometric median diameter of each stage was calculated based on the cut diameters. The cut diameter was converted from aerodynamic ( to geometric diameter ( using Equation 1 by solving iteratively. This was used as the diameter (d) in Equation 2 along with the percentage of total particle mass per stage ( ) and the particle density . Densities were: 4.26 g/cc for TiO 2 , 2.65 g/cc for ARD, and 1.1 g/cc for incense. Cut diameters were calculated separately for each compound. For mixtures, the average density was calculated based on the relative ratios of particles.
(1)
This count percent ( ) was calculated for each stage for TiO 2 and ARD separately. The percentage was adjusted for the ratio of the mixture used by multiplying 
This expected count percent was compared to the experimental count percent found by counting a portion of particles on each stage using TEM/EDS. Equation 1 was also used to convert diameters obtained from the APS data to geometric diameter. The APS data was merged with SMPS data with no overlap, using only the APS diameters larger than the last SMPS bin size (661nm).
Results
Multiplying the impactor flow rate by sampling time and total number concentration obtained from the SMPS produced a hypothetical number of particles that could be collected on a grid. For grids with the best observed distribution this number was 5 x 10 10 , as shown in Equation 4.
This constant is assumed to be highly specific to the particles used as well as the generation method and collection method. It was the minimum number to be obtained from this relationship for even particle loading across the grid. Constants slightly below produced grids with almost no sample. The constant was not varied above this number since it was used to obtain the shortest sampling time necessary. Concentration was highly variable between sampling periods due to the use of different particle generation 
Example spectra for engineered nanoparticles can be found in Figure 3 . Copper was present in every sample because the grid itself is made of copper. In some samples chromium was identified but was found to be part of the grid holder. Silicon was an occasional trace contaminant for the engineered nanoparticles (Figure 3b ). This was attributed to excessive handling of the grid: loading in and out of microscopes, in and out of cases, potential dropping or scraping onto other surfaces, et cetera. Spectra displayed higher counts with thicker collection of particles. Both titanium and iron spectra have peaks that overlap with oxygen. Aluminum (Figure 3c ) does not and has much cleaner, distinct peaks for each element.
Spectra for incidental nanoparticles are illustrated in Figure 4 . Incense spectrum shows traces of TiO 2 and copper only. The detector used was not able to analyze carbon.
The incense particles were assumed to be entirely carbon which is why their spectra appears roughly "blank" with only trace elements identified. If a particle was found to produce this type of spectra it was assumed to be incense. Between samples, the ARD had variable elemental composition and the spectrum in Figure 4b is representative of an average particle. The combined elemental quantification for several ARD particles can be found in Figure 5 . Silicon and aluminum oxides were predominant compounds (61%), which account for 78-91% of the particles by mass according to the manufacturer (Arizona Test Dust, 2001 ). Many trace elements were also found.
A 50% mixture of TiO 2 with incense was created at a total particle concentration of 2.1 x 10 5 cm -3 . The size distributions for neat TiO 2 (bimodal) and the mixture with incense can be seen in Figure 6 . The distribution shows a mode around 20 nm which had been discovered in preliminary experiments to be the result of water contamination due to the use of the nebulizer. The mass distribution of the same data can be found in Figure 7 .
Unfortunately concentration data was not collected for incense in isolation at the concentration used for the mixture.
Because of the limited output of the dust feed, the ratio of ARD to TiO 2 could not be produced at the same ratio as the incense mixture. A 91% TiO 2 mixture with ARD to was created, producing a total particle concentration of 6.8 x 10 4 cm -3 . The bimodal size distribution for this mixture can be seen in Figure 8 compared to neat TiO 2 and neat ARD. The nebulizer contamination peak appears slightly greater for the mixture's size distribution. Throughout a sampling period, the nebulizer contamination varied frequently. Figure 9 contains the mass distributions of the ARD mixture and its components. ARD contributed a lot of mass to the large range of particle sizes ( > 1µm), All incense/ TiO 2 grids were found have fewer incense particles than expected.
Distributions for two different collection methods can be seen in Table 2 . Grids from the impactor filter stage contained an average of 90% TiO 2 , while the ESP had about 79% when the mixture proportion was 50%. The incense/ TiO 2 mixture did not produce enough incense particles for analysis on Stages 6-8.
TEM images were obtained to examine the differences in morphology between particles. Detailed images of TiO 2 with incense particles and with ARD particles can be seen in Figures 10 and 11 , respectively. TiO 2 primary particles can be seen within the agglomerated structure. The incense particles were quite small relative to the majority of the TiO 2 agglomerates. Without using EDS it was difficult to identify whether particles were incense or TiO 2 because of their size and shape similarities. ARD particles were generally much larger than TiO 2 particles. Figure 11 shows ARD particles relative to TiO 2 on a grid from the impactor filter. ARD particles were typically much larger than TiO 2 , but many ARD nanoparticles were also found. Even for the smallest agglomerates, primary particle size of ARD was still larger than that of TiO 2 .
Distributions of particles within the impactor can be found in Figures 12 and 13 .
The incense mixture (Figure 12 ) shows varying agglomerate sizes across the stages, with both particle types possibly combined. Stage 6 shows relatively uniform particle sizes for both TiO 2 and ARD around 1 µm with tight, larger (several micrometers) agglomerates as well. Stage 7 (Figure 12b ) shows looser chain aggregates with some particles microscopically larger than found on Stage 6. The filter grid (Figure 12c ) shows a much more uniform size distribution with mostly TiO 2 nanoparticle agglomerates.
The impactor grids for the ARD mixture ( Figure 13) show an increase in size separation over the incense mixture. Agglomerates are structured similarly across each stage, with cut point diameters as predicted. Not many agglomerates larger than a few micrometers are present and particles are distributed fairly evenly across the grid surfaces.
Samples on grids collected using the ESP did not produce images as clear as those from the impactor. Overloading of particles was difficult to avoid and grids were frequently damaged during sampling by sparking. A comparison of images from the two collection methods can be seen in Figure 14 . Without the size separation of the impactor, the particles on ESP grid had a much wider size distribution, which made the counting procedure difficult, similar to the impactor Stage 6 grid.
Discussion
The development of Equation 4 allowed for predictable grid quality. This equation is highly specific to the particles used for its creation (metal oxides) as well as their generation by a nebulizer and collection onto the impactor. For other generation methods and especially other chemical compounds, a similar relationship could be developed by multiplying the appropriate parameters. This equation was not explored further by altering impactor flow or intentionally changing the total concentration. These steps could ensure its validity and improve its specificity.
The addition of neither incidental particle showed a size shift in the distribution compared to TiO 2 individual size distribution. Also, incense did not create a much higher number of small nanoparticles. ARD did not create a large number of particles in the micrometer range either. The majority of particles created were in the 20-200 nm range as seen in Figures 6 and 8 . Particles larger than 0.5 µm and even larger than 1 µm were still visible on the TEM grids.
Impactor stage cut diameters predicted the size distribution, which was not as tight as expected. Wide size ranges (0.1-1 µm) of particles were found on each stage of the impactor as can be seen in Figures 10-13 . The cut diameter is a reflection of the particle's aerodynamic diameter and not its physical diameter as seen using the TEM images. The impactor is known to have varying particle collection efficiency across all stages. Rubow et al. (1987) found that efficiencies approach 100% for larger particles on these lower stages. Efficiencies for nanoparticles have not been determined for this device. Particle bounce could also have contributed, as well as the possibility of smaller particles breaking free from larger particles after deposition. Nanoparticles were found on all stages of the impactor, but were much easier to image and analyze when large particles were not present.
The ESP grids were possibly not as clean as the impactor grids due to the tendency of the corona discharge to damage the grid film. The use of electrostatic forces may have influenced the particles to collect differently on the grid than they would have for a diffusive or impaction method. The wide size range of particles on a single grid as well as the incidence of discolored areas that were not particles made analysis with EDS difficult and favored selection of more of the larger, non-nanoparticles. The use of a small impactor before the ESP may help determine if these issues are valid.
The ratios of TiO 2 to incidental particles were not observed to be the same as expected using the EDS data. It appeared that collection efficiency was not as high for incense as the other particles. This could be due to the low density of incense relative to the other particles; TiO 2 is four times as dense, ARD twice as dense. The sampling criteria was based on the collection of metal oxides with wide size distributions. Incense particles do not have these same properties and may require different parameters for ideal collection onto grids.
Analysis using this instrument for EDS was also difficult since carbon could not be identified. The small size of these particles also made beam targeting by hand difficult. This was especially a problem when large particles were present and magnification had to be altered between particles. Establishing size limits similar to what was used for EDS by Höflich et al. (2005) (Table 1 ). The upper stages had much more TiO 2 than expected due to the higher density of TiO 2 relative (almost twice) to the density of ARD.
Use of the electron microscopes requires much time and is also expensive. This limited the amount of samples that could be analyzed using the microscopes. Use of the microscopes to check if a grid contained particles used a lot of time, up to an hour, to carefully scan the entire grid surface for particles. By ensuring that grids contained particles in a high enough quantity and distribution across the grid, this extra time was eliminated. The amount of time spent analyzing a single grid was determined by its purpose; whether it was collected to obtain images, chemical spectra, or particle counts.
Counting particles individually by hand added the greatest time burden to the experimental process. Automated EDS has been employed for counting many particles in other studies (Laskin et al. 2006) . Computer based methods could be more beneficial, and could also limit the time constraints due to the number of samples, limited availability of the microscopes and the need to learn their difficult operation procedures.
Computer controlled counting software for EDS may be much more useful for establishing counting criteria and counting a high number of particles.
Conclusions
Electron microscopy can be used to distinguish engineered nanoparticles from incidental nanoparticles based on morphology and chemical identity. Further development of methods is needed to eliminate the time and need for manual analysis of samples collected on TEM grids. More guidance for sampling criteria with regards to particle loading is necessary to obtain samples that can be used to clearly examine particle morphology and chemical identity. Collection onto TEM grids is an effective way to obtain more information about aerosolized nanoparticles. Distinction of engineered nanoparticles is possible with the use of TEM/EDS, however collection efficiency is highly variable across different particle types. Collection methods that favor high engineered nanoparticle collection efficiency may not hold for different chemical species and may not collect all nanoparticles in the sampling environment. 
Nanoparticle Generation
Early research on similar projects showed a need for removal of water from aerosols generated using a nebulizer. The heating and condensing system used in this experiment was developed for that purpose. Additional particles were found in SMPS data and the humidity of the aerosol was greater than 90%. The humidity created issues with operating sampling devices with the best accuracy and efficiency.
Additional particles were considered for inclusion in this study. Collecting samples of nanoparticles alone for preliminary work demonstrated that the metal oxides (of titanium, aluminum, and iron) seem to behave similarly in terms of collection methods and generation methods. Collection parameters could be used the same for each compound. Carbon nanotubes (CNT) were not collectable using the same methods as the metal oxides due to their largely different chemical properties and morphology.
Nebulizing CNTs was not effective at separating particles in the suspension. Further study with sodium dodecylbenzenesulfonate (SDBS) to separate them in suspension was not successful either for a wide range of concentrations. Additional generation methods may be necessary to carry out these experiments with CNT.
Nanoparticle TEM Grid Samplers
Attempts were made to obtain gravimetric data of the impactor stages as well, but for the low particle loading necessary for microscopy there was no recordable mass.
More variation with heavier impactor loading could be attempted in order to add this property to the studies mentioned here, but this would not produce grids that would be usable for clear TEM images or counting procedures due to overloading.
Slight changes in temperature and humidity were found to alter the success of the ESP. Once those parameters were controlled, the ESP was fairly simple to operate.
Preliminary studies correlating voltage to collection efficiency were completed for many different engineered nanoparticles. Little variance was seen between particle types. A neutralizer was placed immediately prior to the ESP inlet. This was also found to increase collection efficiency. Efficiency would likely be higher for dry aerosol generation methods.
Electron Microscopy
Microscopy was effective for distinguishing engineered nanoparticles from incidental particles. The use of EDS was effective at determining whether or not the entire aerosol environment was represented on the grid as well. Collection methods seemed to favor the engineered nanoparticles in this case, due to their size as well as chemical composition. If a large size distribution or variety of compounds is desired on a single grid, these methods would have to be explored further.
The greatest difficulty in pursuing this research was the amount of time involved using the electron microscopes. Preparation of grids for a single sampling period did not change regardless of the number of grids use. But each grid could take up to an hour to acquire images and up to two more hours to analyze completely using EDS if collection of particles was successful. This does not include time for shipping or travel (if necessary) to the microscopes. When a grid has been unsuccessful to obtain particles, time is still needed to use the microscopy and search the grid to see if any particles were captured at all. Collecting a large number of samples is fairly impractical if it is not clear whether or not particles will be found. Only a few samples could be collected before using TEM to ensure that the conditions for the collection period were adequate to obtain particles on the grid. Adding more time creates more expense. Amount of time could be balanced between the expense of the technician used, but costs were not considered quantitatively here. The methods developed in this study were fairly effective for the particles and collection devices used.
Handling TEM grids is also difficult because of their size. Bent grids are unable to be used in the microscopy and additional or forceful handling would often break off the grid coating. If a grid was dropped on a somewhat clean surface there was little threat of contamination. Picking up grids from a flat surface could potentially damage or break the coating by contacting the middle of the grid.
The tweezers for handling grids which are specifically designed for grid use are not very effective. Redesigned tweezers could improve handling to avoid dropping or bending grids could be an improvement. Learning how to handle, transport, and apply grids took a lot of practice to avoid damage.
Another difficulty was the quality TEM grid images with regard to the number of particles collected. For 2D TEM work (as opposed to 3D SEM imaging) a thick or heavy particle loading will not allow for clear images. In terms of adjusting or positioning grids, this heavy loading is hard to avoid if high collection efficiency is desired. Regions of the sampler should be selected so that the thick mass of particles is not collected directly on the grid, but near it. Particle size distribution on grids could be further quantitatively analyzed using software such as Image J. Particle number per area could be used as the factor to weigh against number concentration of the sampling environment.
Characterization
To further understand the health effects related to nanoparticle exposure, particles must be characterized in terms of their morphology, chemical composition, size distribution, and concentration. To complete this task, electron microscopy is an important tool that must be considered. Nanoparticle sampling must redesign current methods or develop new methods to feature the collection of particles onto TEM grids.
The use of microscopes must be tailored to use grids in this fashion in order to be more practical in terms of time and expense. With an adaptable and feasible method for sampling and analysis, definitive assessments can be completed for increasingly more nanoparticle exposures.
